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We, The General Electric Company 
Limited, of Magnet House, Kingsway, 
London, W.C.2, a British Company, do here- 
by declare die invention, for which we pray 
that a patent may be granted to us, and the 
method by which it is to be performed, to be 
particularly described in and by die follow- 
ing statement: — 

This invention relates to thermocouples. 

It is known that a measure of the efficiency 
of a thermocouple when used in a device such 
as a thermoelectric refrigerator or generator 
is given by a figure of merit 0, defined as 



15 where the suffixes 1 and 2 refer respectively 
to the two elements of the thermocouple, T is 
the arithmetic mean of the absolute tempera- 
tures of die hot and cold {unctions of the 
thermocouple, and tj, A, and p are respectively 

20 the thermoelectric power, thermal conductivity 
and electrical resistivity of an element 
measured at the temperature T in the direc- 
tion of the length of the element between the 
hot and cold junctions; The present invention 

25 is based upon an investigation of the condi- 
tions under which 1 : optimum values; of the 
figure of merit 6 are obtained for thermo- 
couples in which the elements are composed 
of the semiconductor bismuth tellirride 

30 (BL/TejX the elements being respectively of 
P-typc and N-type conductivity; it will be 
appreciated that for such a thermocouple the 
thermoelectric powers i\ x and are of oppo- 
site sign. 

35 One factor which must be taken into 
account in such an investigation is the aniso- 
tropy displayed by bismuth telluride in respect 
of certain of its physical properties. The com- 
pound crystallises in the trigonal system, and 

40 a crystal of bismuth telluride can be cleaved 
easily in planes perpendicular to the principal 
crystal axis. It has been found for both P-type 
[Price 3s.6d.] 



and N-type bismuth telluride that, of the pro- 
perties concerned in the expression for tf, the 
thermoelectric power r\ is substantially iso- 45 
tropic, while both the thermal conductivity \ 
and the resistivity p vary appreciably in 
accordance with the inclination to the principal 
crystal axis of die direction in which they are. 
measured. The inventor has found that the 50 
product of the thermal conductivity and the 
resistivity is at a minnrnmi for directions per- 
pendicular to the principal crystal axis, that 
is to say parallel to the cleavage planes; thus 
in order to obtain the highest values for the 55 
figure of merit 0 for a thermocouple com- 
prising elements composed respectively of P- 
type and N-type bismuth telluride, it is neces- 
sary that both elements should consist of one 
or more crystals for each of which the prin- 60 
cipal crystal axis is disposed substantially per- 
pendicular to the direction of the length of 
the element between the hot and cold junc- 
tions. 

A further factor which it is necessary to 65 
consider is the impurity content of 'die ele- 
ments of the thermocouple, since the pro- 
perties of semiconductors such as bismuth 
telluride are profoundly affected by the inclu- 
sion of donor and/or acceptor impurities. In 70 
this connection it is convenient, as is common 
in the semiconductor art, to refer to die im- 
purity content in, terms of die resistivity of 
the material; as is well known, the resistivity 
of a semiconductor at a given temperature 75 
decreases with increase of the net significant 
impurity concentration (that is to say the 
difference between the donor impurity con- 
centration and the acceptor impurity concen- 
tration). For a thermocouple with P-type and 80 
N-type bismuth telluride elements in which 
the crystals are orientated as described above, 
the inventor has found mat, for a mean 
operating temperature T of 293°K«, the maxi- 
mum value for the figure of merit 6 is ob- 85 
tained when resistivity of the P-type element 
is 1.15 millionm centimetres and the resistivity 
of the N-type element is 1,05 malliohm centi- 
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metres (each of these resistivities of course be- 
ing measured in the direction of the length 
of the relevant clement, as are other resis- 
tivities referred to below); the maximum value 

5 of 9 for this temperature is 0.76, when the 
thermoelectric power tj is expressed in 
volts/ 0 C, the thermal conductivity A is ex- 
pressed in watts/cm. °C, and the resistivity p 
is expressed in ohm centimetres. Near the 

10 maximum, the value of 0 does not vary very 
rapidly as the resistivities of the P-type and 
N-type elements are varied; if a lower limit 
for the value of 0 of 90% of its maximum 
value is set, it is found that the condition for 

15 9 to have a greater value than this lower limit 
can be expressed with good accuracy, for a 
mean operating temperature of 293 °K., as 

Or- U3)*+(p*-128) a <1.14, 

where p P and px are the respective resistivities 
20 (measured at 293°K.) of the P-type and N- 



type elements expressed in milliohm centi- 
metres. 

Finally, it is necessary to consider the varia- 
tion of the figure of merit 6 as the mean 
operating temperature T is varied, since the 25 
properties of bismuth telluride vary with tem- 
perature. For mean operating temperatures be- 
low 293 °K., the maximum value of 0 is lower 
than the maximum value for a mean operating 
temperature of 293 °K., but the optimum 30 
range of resistivities for the two elements can 
be defined by the same expression as given 
above for a mean operating temperature of 
293°K. J but with the resistivities p P and p N 
being as measured at the mean operating tern- 35 
perature. For mean operating temperatures 
above 293 'K., the maximum value of 0 
increases initially as the mean operating tem- 
perature is increased, but in this case the 
optimum range of resistivities for the elements 40 
also varies; it is found that for mean operating 
temperatures between 293 °K. and 373 °K, the 
optimum range can be defined by the condition 



(Pp - 2.87+0.0056 T>*+(p N - 2.92 + 0.0056 T) 2 <(2.54 -0.005 T) 2 



45 where pp and p^ are the respective resistivities 
(measured at the mean operating temperature 
T°K.) of the P-type and N-type elements, 
expressed in milliohm centimetres. 
It must be noted that the expressions given 

50 above can be considered valid only if the tem- 
perature difference between the hot and cold 
junctions of the. thermocouple does not ex- 
ceed about one quarter of the absolute value of 
the mean operating temperature. 

55 Thus, in accordance with the foregoing 
analysis, the present invention consists in a 
thermocouple comprising elements respectively 
composed of P-type and N-type bismuth 
telluride, each element consisting of one or 



more crystals for each of which the principal 60 
crystal axis is disposed substantially perpen- 
dicular to the direction of the length of the 
element between the hot and cold junctions, 
and the P-type and N-type elements having, 
at some temperature (T°K.) not greater than 65 
373 °K., respective resistivities p? and p N 
milliohm centimetres, measured in the respec- 
tive directions of the lengths of the elements, 
such that the expression 



[1.14 _ i.23) 3 _ (p K _ i,2 8 )3] 

has a value not less than zero if T is not 
greater than 293, or such that the expression 



[(2 .54 - 0.005T) 2 - (p P - 2.87 + 0.0056T) 3 - 0>* - 2.92+ 0.0056T) 2 ] 



70 



has a value not less than zero if T is greater 
75 than 293, whereby the thermocouple is suit- 
able for operation with the hot and cold junc- 
tions respectively at temperatures (T+AT)'K 
and rr-AT>°K, where AT is not greater 
than fT. 

80 Elements for thermocouples in accordance 
with the invention may be prepared in the 
following manner. Bismuth and tellurium in 
proportions corresponding to stoichiometric 
bismuth telluride are placed in a cylindrical 

85 silica bomb, together with a small quantity of 
either iodine or lead, which respectively act as 
donor and acceptor impurities in bismuth 
telluride, and are respectively added according 
to whether N-type or P-type material is to be 

90 produced. The bomb is evacuated to produce 
inside it a vacuum corresponding to a pressure 
of less than IGr 5 rnillimetres of mercury, and 
is then sealed; when iodine is used, the 



evacuation period is standardised at 15 
minutes, in order to make consistent allowance 95 
for the volatilisation of iodine which occurs. 

The sealed bomb is then heated at a tem- 
perature of 900° C for at least three hours, 
in order to bring about complete formation of 
the bismuth telluride and uniform distribution 100 
of the impurity. After cooling to room tem- 
perature and removal from the bomb, the 
charge is loaded into an elongated silica boat, 
is then just melted by high frequency induc- 
tion heating under an inert atmosphere so that 105 
it takes up the shape of the boat, and is im- 
mediately cooled to room temperature to form 
a solid ingot. 

The, solid ingot in the boat is then sub- 
jected to the process known as "single pass 110 
zone melting," in which a molten zone is 
formed at one end of the ingot and is caused 
to traverse the whole length of the ingot; the 
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process is carried out under a slow flow of 
inert gas at atmospheric pressure, and the 
rate of advance of the molten zone along the 
ingot may conveniently be of the order of one 
inch per hour. 

An jngot produced In this manner is found 
to consist of one or more crystals for. each of 
which the principal crystal axis is disposed 
perpendicular to the longitudinal axis of the 
ingot; it should be noted that in the case of a 
pdycrystalHne ingot the principal crystal axes 
of the various crystals are not necessarily 
parallel to each other. The elements of one 
conductivity type for a series of thermocouples 
are then cut from such an ingot so that the 
directions of their lengths are parallel to the 
longitudinal axis of the ingot 

For producing N-type material with a resis- 
tivity in the appropriate range at a tempera- 
ture of 293 "K, the proportion of iodine in the 
original constituents should lie in the range 
of about 0.07—0.16% by wei^it, and for 
producing P-type material with a resistivity 
in the appropriate range at a temperature of 
293 "Kj the proportion of lead in the original 
constituents should lie in the range of about 



*5 
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0.03— 0.12%' by weight For producing 
material suitable for use at other temperatures, 
somewhat different proportions of either iodine 
or lead in the original constituents may be 30 
required, but the necessary amount may be 
readily determined empirically in each case. 

WHAT WE CLAIM IS: — 

1. A thermocouple comprising elements 
respectively composed of P-type and N-type 35 
bismuth telluride, each element consisting of 
one or more crystals for each of which the 
principal crystal axis is disposed substantially 
perpendicular to the direction of the length of 
the element between the hot and cold junc- 40 
tions, and the P-type and N-type elements 
having, at some temperature (T°K) not 
greater than 373°K, respective resistivities 
Pp and p K milliohm centimetres, measured in 
the respective directions of the lengths of the 45 
elements, such that the expression 

[1.14- 0* - 1.23)* -0* - 12S)>] 

has a value not less than zero if T is not 
greater than 293 3 or such that the expression 



[(2.54-0.005T) 3 - 0>p -2.87+0.005617 - <p K -2.92+0.0056T) a ] 



has a value not less than zero if T is greater 
than 293. 

2. A thermocouple according to Claim 1, in 
which each element has been cut from an 
elongated ingot of bismuth telluride of appro- 
priate conductivity type, which has been sub- 
jected to the process known as "zone melt- 




in such a manner that the direction of 
of the element is parallel to the 
axis of the ingot 60 

For the Applicahts, 
W. J. G CHAPPLE, 
Chartered Patent Agent 
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We, The General Electric Company 
Limited, of Magnet House, Kingsway, 
London, W.C2, a British Company, do here- 
by declare this invention to be described in 
the following statement:-* 

This invention relates to thermocouples. 

It is known that a measure of the 
efficiency of a thermocouple when used in a 
device such as a mermoelectric refrigerator or 
generator is given by a figure of merit 0, de- 
fined as 



Ions. The 



where the suffixes 1 and 2 refer respectively 
to the two elements of the thermocouple, j, 
A, and p are respectively the thermoelectric 
power, thermal conductivity and resistivity of 
an element measured in the direction of the 
length of the element between the hot and 
cold junctions of the thermocouple, and T is 
the arithmetic mean of the absolute tempera- 



tures of the hot and cold 
present invention is based upon an investiga- 
tion of the conditions under which optimum 
values of the figure of merit & are obtained for 
thermocouples in which the elements are com- 85 
posed of the semiconductor bismuth telluride 
(ByTe,), the elements being respectively of 
P-type and N-type conductivity; it will be 
appreciated that for such a merrnocouple the 
thermoelectric powers *h and ^ are of 90 
opposite sign. 

One factor which must be taken into 
account in such an investi gation^ isr^ffie" " 
anisotropy displayed -'by~1nsrrnith telluride in 
respect of certain of its physical properties. 95 
The compound crystallises in the trigonal 
system, and a crystal of bismuth telluride can 
be cleaved easily in planes perpendicular to 
the principal crystal axis. It has been found 
for both P-type and N-type bismuth telluride 100 
that, of the properties concerned in the ex- 
pression for 9, the thermoelectric power is 
substantially isotropic, while both the thermal 
conductivity and the resistivity vary 
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appreciably in accordance with the inclina- 
tion to the principal crystal axis of the direc- 
tion in which they are measured. The inventor 
has found that the product of the thermal 

5 conductivity and the resistivity is at a 
maximum for directions perpendicular to the 
principal crystal axis, that is to say parallel 
to the cleavage planes; thus in order to obtain 
the highest values for the figure of merit 0 

10 for a thermocouple comprising elements com- 
posed respectively of P-type and N-type 
bismuth tefluride, it is necessary that both 
elements should consist of one or more 
crystals for each of which the principal crystal 

15 axis is disposed substantially perpendicular to 
the direction of the length of the element 
between the hot and cold junctions. 

A further factor which it is necessary to 
consider is the impurity content of the 

20 elements of the thermocouple, since the pro- 
perties of semiconductors such as bismuth 
tefluride are profoundly affected by the 
inclusion of donor and/ or acceptor impurities. 
In this connection it is convenient, as is 

25 common in the semiconductor art, to refer to 
the impurity content in terms of the resistivity 
of the material; as is well known, the resistivity 
of a semiconductor at a given temperature 
decreases with increase of the net significant 

30 impurity concentration (that is to say the 
difference between the donor impurity con- 
centration and the acceptor impurity concen- 
tration). For a thermocouple with P-type and 
N-type bismuth telhrride elements in which 

35 the crystals are orientated as described above, 
the inventor has found that, for a mean 
operating tenmeratnre T of 293 P K, the 
maximum value for the figure of merit 0 is 
obtained when the resistivity of the P-*ype 

40 element is 1.15 milliohm centimetres and the 
resistivity of ^ the N-type element is 1.05 
milliohm centimetres; the maximum value of 
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0 is 0.76, when the thermoelectric power is 
expressed in volts/ 0 C, the thermal con- 
ductivity is expressed in watts/cm. °C, and 45 
the resistivity is expressed in ohm centi- 
metres. Near the maximum, the value of 0 
does not vary very rapidly as the resistivities 
of the P-type and N-type elements are 
varied; if a lower limit for the value of 0 of 50 
90% of its maximum value is set, it is found 
that the condition for 0 to have a greater 
value than this lower limit can be expressed 
with good accuracy, for a mean operating 
temperature of 293 *K, as 

55 

(p P -U3)*+<p y -U8)*<1.14, 

where p* and p s are the respective resistivi- 
ties (measured at 293 °K) of the P-type and 
N-type elements expressed in milliohm centi- 
metres. £0 

Finally, it is necessary to consider the varia- 
tion of the figure of merit $ as the mean 
operating temperature T is varied, since the 
properties of bismuth telluride vary with 
temperature. For mean operating temperatures 55 
below 293°K, the maximum value of 9 is 
lower than the maximum value for a mean 
operating temperature of 293 °K, but the 
optimum range of resistivities for the two 
elements can be defined by the same expres- 70 
sion as given above for a mean operating 
temperature of 293 % but with the resistivi- 
ties ft, and Pn being as measured at the mean 
operating temperature. For mean operating 
temperatures above 293 °K, the maximum 75 
value of 0 increases initially as the mean 
operating temperature is increased, but in 
this case the optimum range of resistivities 
for the elements also varies; it is found that 
for mean operating temperatures between 80 
293°K and 373 °K, the optimum range can 
be defined by the condition 



(Pf- 2.87 + 0.0055 tf + (pk - 2.92 + 0.0056 T)*<(2.54- 0.005 T) a 



where p? and p N are the respective resistivi- 
ties (measured at the mean operating tem- 
perature T °K of the P-4ype and N-type 
elements, expressed in milliohm centimetres. 

It must be noted that the expressions given 
above can be considered valid only if the tem- 
perature difference between the hot and cold 
junctions of the thermocouple does not 
exceed about one quarter of the absolute 
value of" me^ean^opemtmg ^temperature. 

Thus, in accordance witn^the ' foregoing 
analysis, the present invention consists in a 
thermocouple comprising elements respectively 
composed of P-type and N-type bismuth 
telluride, the thermocouple being intended for 



operation with the hot and cold junctions 
respectively at temperatures (T-f AT) °K and 100 
CT— AT) 0 K, where T is not greater than 373 
and AT is not greater than JT, each element 
consisting of one or more crystals for each of 
which the principal crystal axis is disposed 
substantially perpendicular to the direction of 105 
the length of the element between the hot and 
cold junctions, and the P-type and N-type 
elements respectively having resistivities p* 
and pir milliohm centimetres such that 



(p P -l23y+( P x- 1.28) 2 <1.14 
where T is <293, and 



110 



0* - 2.87 + 0.0056 Ty +(p N - 2.92 +0.0056 T) a <(2.54- 0.005 T) a 
where 293<T<373, 
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Elements for thermocouples in accordance 
with die invention may be prepared in the 
following manner. Bismuth and tellurium in 
proportions corresponding to stoichiometric 

5 bismuth telluride are melted, together with a 
small proportion of a donor or acceptor 
impurity to determine the conductivity type 
and resistivity of the material, in an evacuated 
tubular silica container, the melt then being 

10 allowed to cool to solidify die bismuth 
telluride in the form of an ingot The ingot 
is then removed from the container and is 
subjected to the process known as zone melt- 
ing, in which a molten zone is formed at 

15 one end of the ingot and is caused to traverse 
the whole length of the ingot, the process 
being carried out under a slow flow of inert 
gas at atmospheric pressure. The rate of 
advance of the molten zone along the ingot 

20 may conveniently lie between half an inch 
and one inch per hour. An ingot produced in 
this manner is found to consist of one or more 
crystals for each of which the principal crystal 
axis is disposed perpendicular to the longi- 



tudinal axis of the ingot; it should be noted 25 
that in the case of a polycrystalline ingot , the 
principal crystal axes of the various crystals 
are not necessarily parallel to each other. The 
elements of one conductivity type for a series 
of thermocouples are then cut from such an 30 
ingot so that the directions of their lengths are 
parallel to the longitudinal axis of the ingot. 

A suitable donor impurity t for use in 
bismuth telluride is dodine, and a suitable 
acceptor impurity is lead. For producing N- 35 
type material with a resistivity in the appro- 
priate range at a temperature of 293'K, the 
concentration of the iodine in the original 
melt should be of the order of 0.07 — 0.16% 
by weight, and for producing P-type material 40 
with a resistivity in the appropriate range at 
a temperature of 293 °K, the concentration' of 
the lead in the original melt should be of the 
order of 0,03—0.12% by weight 

For the Applicants, 
J. C. CHAPPLE, 
Chartered Patent Agent, 
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